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SECTION  I 

INTRODUCTION 

Interface  doping  of  dual  dielectric  cb'rge  storage  cells  of  the  IGFET 

1 2 

types  was  introduced  by  Kahng  et  a1  . and  Thomber  et  al.  in  1974.  In  this 
method,  a layer  of  metal,  such  as  tungsten,  usually  less  than  a monolayer 
thlck»ls  placed  between  a thin  silicon  dioxide  film  (first  dielectric),  which 
is  grown  to  a thickness  of  the  order  of  lOQ/V  thick  on  silicon,  and  an  alumina 
or  silicon  nitride  film  (second  dielectric),  which  is  of  the  order  of  400A 
thick.  This  was  followed  by  an  aluminum  film,  to  make  up  the  M^OS  or  MNOS 
structure.  It  was  established  by  Kahng  et  al.that  the  dopants  act  as 
trapping  sites  for  charge  injected  from  the  silicon.  Charge  is  injected  into 
these  sites  from  the  silicon  under  the  Influence  of  a high  applied  field. 

Here  the  charge  motion  mechanism  is  by  Fowler-Nordheim  tunneling,  rather 
than  by  direct  tunneling,  which  is  the  mechanism  which  operates  for  the  con- 
ventional, thin  oxide  dual  dielectric  storage  cells  (Fig.  1).  The  principal 
differences  between  the  conventional  and  the  interface  doped  device  are: 

1)  The  stored  charge  is  separated  from  the  silicon  by  a much  thicker 
oxide  film, 

2)  The  stored  charge  resides  principally  at  the  dopant  sites,  and  not 
100-200A  Inside  the  nitride  film,  as  it  does  in  the  conventional  MNOS. 


^ D.  Kahng,  W.  J.  Sundburg,  D.  M.  Boulin,  and  J.  R.  Ligenza,  Bell  System 
Technical  Journal.  Vol.  53,  1974,  p,  1723. 

2 K.  K,  Thornber,  D.  Kahng,  and  C.  T.  Neppell,  Bell  System  Technical  Journal 
Vol.  53,  1974,  p.  1741. 
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This  has  the  following  Important  consequences: 

1)  The  stored  charge  is  retained  for  very  long  times. 

2)  The  cell  is  very  insensitive  to  read-disturb  . 

3)  Device  degradation  mechanisms  associated  with  charge  motion  in  the 
nitride  are  less  important. 


The  charge  retention  in  interface-doped  M/^OS  devices  has  been  studied 

2 

extensively  by  Thornber  et  al  . It  was  found  by  them  that  charge  loss  could 
be  accelerated  at  elevated  temperatures  and  applied  bias  voltages;  the  extrapo- 

o 

lated  charge  retention  was  500  years  at  80  C.  The  charge  decay  mechanism  at 

temperatures  between  150  to  300°C  was  found  to  be  by  activated  conduction 

through  the  alumina  to  the  gate  electrode. 

In  this  previous  work,  emphasis  was  placed  on  tungsten  as  the  interface 

dopant  and  alumina  as  the  second  dielectric,  although  other  dopants  such  as 

Pt,  Ta,  Ir,  and  silicon  nitride  as  the  second  dielectric  were  also  explored. 

14  -2 

A lower  limit  of  the  doping  concentration  of  10  cm  and  an  upper  limit  of 

15  -2  , 

5*10  cm  was  identified.  Device  endurance  toward  write/erase  cycling  was 

not  reported. 

Since  the  dopant  deposition  is  an  easily  controllable  step,  the  interface- 
doped  memory  device  represents  an  advance  in  the  state-of-the-art.  In  this 
report,  we  describe  the  use  of  ten  different  interface  dopant  metals  in  MNOS 
memory  cells.  Included  are  the  write/erase  characteristics  as  a function  of 
the  dopant  concentration  and  oxide  thickness,  memory  window  as  a function  of 
dopant  concentration  and  oxide  thickness,  write  speeds  as  a function  of  write 
pulse  width  and  amplitude,  the  charge  retention  as  a function  of  doping  con- 
centration and  oxide  thickness,  and  finally,  the  endurance.  The  goal  of  this 
investigation  is  to  enable  an  optimum  choice  to  be  made  among  types  of  dopants, 
deposition  method,  range  of  doping  concentrations,  and  oxide  thicknesses. 
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SECTION  II 


APPROACH 

In  order  to  survey  as  many  dopant  concentrations  and  oxide  thicknesses 
as  quickly  as  possible  and  without  Interfence  from  processing  artifacts,  a large 
number  of  varactor  cells  of  varying  concentrations  and  oxide  thicknesses  were 

e 

prepared  on  a single  silicon  wafer.  This  was  accomplished  by  preparing  5 to  6 

oxide  stripes  across  the  wafer  of  Increasing  thickness  (usually  from  50  to  140A) 

by  alternate  thermal  growth  and  subsequent  partial  removal  of  the  oxide  film 

by  etching.  This  gives  rise  to  a step  pattern  In  the  oxide  thickness.  The 

Interface  dopant  Is  now  deposited  In  such  a way  that  Its  concentration  varies 

from  zero  on  one  end  of  the  wafer  to  a pre-determlned  level  such  as  10^^  or 
16  *2 

10  cm  on  the  other,  giving  a wedge-llke  thickness  distribution  In  between. 

The  dopant  concentration  gradient  is  perpendicular  to  the  oxide  thickness  gradient, 
thus  giving  a full  range  of  dopant  concentrations  with  each  oxide  thickness. 

In  practice,  this  method  Is  applicable  If  the  variation  In  the  doping  concen- 
tration does  not  greatly  exceed  one  order  of  magnitude.  As  a result,  a con- 
centration range  of  about  one  order  of  magnitude  and  six  oxide  thicknesses 
can  be  evaluated  on  one  wafer.  This  Is  Illustrated  In  Fig.  2. 

For  transistors,  only  the  dopant  concentration  was  varied  over  the  wafer, 
at  a constant  oxide  thickness. 

The  nitride  thickness  was  between  300  and  60QA. 

Accelerated  test  methods  were  used  wherever  possible.  Thus,  to  measure 
charge  retention  after  writing,  high  gate  bias  voltages  were  applied  to  force 
an  observable  charge  decay  within  several  minutes.  Extrapolation  to 
zero  bias  voltage  gives  the  expected  retention  under  real  use  conditions. 

Since  the  endurances  measured  In  this  program  have  not  exceeded  10^  cycles  so 
far,  accelerated  measurements  have  not  been  necessary. 
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INTERFACE-DOPED  HNOS  DEVICE  FABRICATION 


In  this  section,  the  MNOS  process  which  was  used  to  fabricate  devices 
for  Phase  I of  this  program  Is  described.  During  Phase  I,  only  varactors  and 
discrete  memory  transistors  were  fabricated.  The  devices  are  p-channel,  on 
2"  (100)  silicon  wafers  of  3 to  8 ohm-cm  n-type  resistivity  (phosphorus) . 
Aluminum  gates  are  used. 

In  order  to  properly  assess  the  effect  of  Interface  doping,  each  processed 
wafer  had  a control  region  which  was  Identical  In  all  respects  to  the  rest  of 
the  wafer  except  that  It  was  not  Interface  doped.  In  addition,  process  control 
wafers  were  added  at  various  stages  to  measure  oxide  and  nitride  thickness  and 
the  nitride  refractive  Index.  Transistor  sizes  vary  from  0.4  x 0.4  mil  to 
12  X 0.6  mil,  and  varactors  from  1x1  mil  upward. 

The  general  MNOS  fabrication  sequence  used  for  memory  transistors  In  Phase  I 
Is  shown  In  Table  1.  For  varactors,  steps  2 through  8,  12  through  14,  and  17 
are  omitted.  All  these  steps  are  described  below. 

TABLE  1 

MNOS  MEMORY  TRANSISTOR  FABRICATION  SEQUENCE  — PHASE  I 
Step  No.  Description 


1 Initial  cleaning 

2 Wafer  oxidation 

3 Source  drain  mask 

4 Source  drain  predeposition 

5 Source  drain  drlve-ln 

6 Stable  gate  mask 

7 Stable  gate  oxide 

8 Memory  gate  mask 

9 Memory  gate  oxidation 
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No. 

Description  feontd.) 

10 

Interface  doping 

11 

Nitride  deposition 

12 

Oxide  deposition  (Si02) 

13 

Contact  mask  (SIO2) 

14 

Nitride  oxide  etch 

15 

Metal  deposition 

16 

Interconnection  mask 

17 

Interconnection  sinter 

(1) 

Initial  cleaning 

The 

initial  cleaning  process  removes  any  surface  contaminants  that  may 

remain  on  the  wafers  in  the  as-received  condition. 

The  silicon  wafers  are  first  inmersed  in  a 50/50  mixture  of  hydrofluoric 
acid  (HF)  and  deionized  water.  They  are  next  rinsed  with  deionized  water  and 
blown  dry  with  nitrogen.  In  a quartz  tube  furnace  at  1050°C,  a thermal  oxide 
is  grown  on  the  wafers.  With  pure  oxygen  flowing  at  1 cubic  ft. /hr.,  30 
minutes  is  sufficient  to  grow  a layer  180  & thick.  At  this  point,  the  dilute 
hydrofluoric  acid  bath  is  repeated.  The  oxide  layer  and  any  trapped  impurities 
are  stripped  away.  The  cleaning  step  ends  with  a final  rinse  in  deionized 
water  and  drying  with  nitrogen. 

(2)  Wafer  oxidation 

Wafer  oxidation  occurs  in  two  parts.  First  a layer  of  thermal  oxide 
1100  i thick  is  grown  on  the  wafers  in  the  manner  described  in  step  1.  At 
lOSO^’c  and  an  oxygen  flow  rate  of  1 cubic  ft/hr,  three  hours  are  needed. 

Second,  5200  i of  Si02  «re  deposited  on  the  wafers  by  chemical  vapor 
‘^•po^l-tioa  in  a ailox  reactor.  The  sllox  reactor  is  purged  for  15  minutes  with 
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line  nitrogen.  During  this  time,  the  heater  block  In  the  furnace  Is  heated  to 
450°C.  After  the  purge,  the  line  nitrogen  Is  turned  off.  Bottled  nitrogen, 

oxygen  and  silane  (SlH^)  diluted  In  argon  flow  through  the  reactor  tube  at 
the  rates  listed  below: 

Oxygen  0.211  llters/mln. 

Nitrogen  0.066  " 

5.4%  SIH^  In  Argon  0.45  " 

After  thus  clearing  the  gas  feed  lines,  the  sllane-ln-argon  Is  vented  directly 
to  the  exhaust,  and  the  oxygen  Is  turned  off.  At  this  time, the  wafers  are 
Inserted  Into  the  reactor.  During  a two-mlnute  nitrogen  purge,  the  wafers  heat 
to  the  reaction  temperature.  The  furnace  now  automatically  begins  a deposition 
run.  Twelve  minutes  at  the  specified  flow  rates  Is  sufficient  to  deposit 
5200  X of  S102«  Thickness  Is  determined  by  referring  to  a color/thickness  table. 

The  6300  X (total  thickness)  of  SIO2  will  act  as  a diffusion  stop  during 
the  source/draln  diffusion. 

One  of  the  by-products  of  the  sllox  reaction  Is  water  vapor.  Because  of 
the  harmful  effect  of  water  on  photoresist,  the  wafers  are  baked  for  30 
minutes  at  175°C  In  a nitrogen  atmosphere  prior  to  the  next  step. 

(3 ) Source  drain  mask 

The  diffusion  stop  SIO2  layer  must  be  etched  In  this  step  to  expose  the 
source  drain  regions  of  the  wafers.  Photoresist  Is  spun  on  to  the  wafers  at 
5000  rpm  with  a photoresist  spinner.  The  resist  Is  dried  for  30  minutes  In 
a nitrogen  atmosphere  at  SO^’c.  The  source-drain  mask  Is  then  aligned  on  the 
wafers  and  the  wafers  are  exposed  to  ultraviolet  light.  Resist  developer  Is 
now  used  to  wash  away  the  photoresist  that  was  not  exposed  to  the  UV  light  at 
the  source  and  drain  regions.  The  wafers  are  now  baked  for  30  minutes  In  a 
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nitrogen  atmosphere  at  175°C  in  preparation  for  the  oxide  etching  step.  The 
etchant  Is  composed  of  1 part  hydrofluoric  acid  and  9 parts  NH^F.  Three 
minutes  are  sufflci.*'nt  to  remove  the  oxide  above  the  source  and  drain  without 
appreciable  undercutting  of  the  photoresist.  After  rinsing  In  deionized  water, 
the  remaining  photoresist  Is  removed  In  mlcrostrlp  heated  to  95°C  (5  minutes) 
and  boiling  deionized  water  (3  minutes).  Finally,  the  wafers  are  cleaned  In  a 
vapor  degreaser  with  a solvent  mixture  of  equal  parts  of  Isopropyl  alcohol, 
acetone  and  trlchlorethylene  and  blown  dry  with  nitrogen. 

Periodic  microscope  checks  are  made  during  this  step  to  Insure  correct 
alignment  and  proper  etching. 

(4)  Source  drain  predenosltlon 

The  p-dopant  which  we  use  Is  boron.  The  wafers  to  be  doped  are  arranged 
vertically  In  a quartz  rack.  Interspersed  with  wafers  of  boron  nitride.  The 
rack  Is  then  Inserted  Into  a tube  furnace  (lOOO^’c)  with  a nitrogen  atmosphere 
for  15  minutes.  Boron  Is  transferred  to  the  silicon  wafers,  where  a thin  layer 
of  silicon  at  the  source  and  drain  regions  becomes  very  highly  doped. 

(5)  Source  drain  drlve-ln 

Before  the  boron  dopant  Is  driven  Into  the  silicon  surface,  the  silicon 
dioxide  and  boron  residing  on  wafer  surfaces  are  stripped  away  In  50/50  HF. 

The  wafers  are  then  Inserted  into  the  lOOO^C  tube  furnace  for  3 hours  In  oxygen. 
The  Junction  depth  Is  about  1.5  microns.  Simultaneously,  1100  £ of  thermal 
oxide  are  grown  on  the  wafers. 

(6)  Stable  gate  mask 

Fifty- two  hundred  % of  SIO2  arc  again  deposited  on  top  of  the  thermal  oxide 
layer.  This  oxide  layer,  which  totals  6300  Is  masked  and  etched  to  give  the 
stable  gate  mask  pattern. 
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Figure  3f  Oxide  Thickness  vs.  Time 
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(10)  Interface  doping 

This  important  process  step  is  covered  in  section  IV. 

(11)  Nitride  deposition 

Silicon  nitride  Is  deposited  In  an  epitaxial  reactor  by  the  SIH^/NH^ 
reaction  at  a wafer  temperature  of  850®C.  The  reactor  is  first  given  a 10 
minute  nitrogen  purge.  During  this  time,  the  silane,  anmonla  and  hydrogen 
flow  rates  are  set.  The  ratio  of  silane  to  anmonla  Is  1/1000.  After  the 
purge,  the  wafers  are  inserted  into  the  reactor  and  brought  to  temperature  in 
the  presence  of  the  hydrogen  flow  gas.  Fast  write  devices  have  a nitride 
thickness  in  the  neighborhood  of  300  and  most  slow  write  devices  have  450 
- 600  ^ nitride  layers.  Deposition  times  are  from  1/2  min.  to  1 min.  long. 

(12)  Oxide  deposition  (SIO2) 

For  a third  time,  5200  £ of  SIO2  are  deposited  by  the  chemical  vapor 
method.  This  oxide  will  remain  on  the  wafers  as  a field  oxide. 

(13)  Contact  mask 

This  mask  allows  windows  to  be  etched  down  to  sources  and  drains,  so  that 
they  can  be  contacted  with  aluminum,  which  will  be  deposited  In  a later  step. 

(14)  Nitride  oxide  etch 

The  5200  ^ of  oxide  are  first  etched  by  immersing  the  wafers  for 
three  minutes  In  buffered  HF  (MH^F/HF:9/1)  as  described  earlier.  The  photoresist 
la  removed  and  wafers  cleaned,  degreased  and  dried.  The  wafers  are  then  boiled 
for  45  minutes  In  phosphoric  acid  to  etch  the  nitride  layer 
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(15)  Metal  deposition  | ' 

Au  aluminum  layer  is  deposited  by  electron  beam  evaporation.  The  wafers  ' 

are  placed  in  a bell  jar  which  is  evacuated  to  10  ^ torr.  An  aluminiim  slug  is 
melted  with  an  electron  beam  and  the  wafers  are  coated  to  a thickness  of  1 to 

i 

1.5  p,m.  The  thickness  is  monitored  by  quartz  crystals. 

i 

(16)  Interconnection  mask 

■ i 

Photoresist  is  patterned  on  the  wafers  as  before,  using  the  interconnection  j 

mask.  The  aluminum  is  etched  in  a solution  of  767.  phosphoric  acid,  157.  acetic 
acid,  57.  water,  and  4%  nitric  acid  heated  to  45°C.  Etching  time  is  1 to  2 < 

minutes.  The  photoresist  is  stripped  and  the  wafers  are  again  boiled  in  de-  ! i 

; i 

ionized  water  and  vapor  degreased.  \ 

(17)  Interconnection  sinter  | ' 

Processed  wafers  are  annealed  at  500*^0  for  25  minutes  in  an  annealing  oven. 

Nitrogen  and  hydrogen  are  used  at  the  following  flow  rates;  ^ i 

I 

Nitrogen  - 2 cubic  ft/hr.  i 

■ I 

Hydrogen  - 0.1  cubic  ft /hr.  | 


SECTION  IV 


INTERFACE  DOPING 

The  Interfaclal  doping  step  Is  carried  out  after  the  memory  gate  oxidation. 
In  this  section  the  selection  of  dopants,  dopant  concentration,  and  doping 
conditions  are  given. 

SELECTION  OF  DOPANTS 

In  the  selection  of  dopants,  the  following  criteria  were  applied: 

• The  vapor  pressure  of  the  element  or  Its  oxide  must  be  negligible 
at  850®C. 

• The  diffusion  coefficient  of  the  dopant  at  850°C  In  SIO2  or  Sl^N^ 
must  be  low. 

• The  dopant  must  not  be  subject  to  Ionic  motion  In  SIO2  or  Sl^N^ 
under  bias  temperature  stress. 

• The  melting  point  of  the  deposited  species  must  be  above  900°C. 

• Depositing  reproduclbly  must  not  be  too  difficult. 

These  criteria  eliminate  the  alkali  and  alkaline  earth  metals  because  of 
their  high  Ionic  mobility,  Au,  Ag,  and  Cu,  which  have  high  dlffuslvltles  In 
S102«  Zn,  Cd,  Hg,  Ga,  and  In,  because  of  high  vapor  pressures  or  low  melting 
points.  Primarily  the  elements  In  group  VII,  I-VIIB,  the  rare  earth  elements 
and  perhaps  A1  remain.  The  reactivities  of  some  of  those  elements  are  given 
In  Table  3.  They  fall  Into  four  classes,  according  to  their  oxide-free 
energy  of  formation: 

• Elements  that  will  not  oxidize  on  exposure  to  air  (Ru,  Rh,  Pd,  Os, 

Ir  and  Pt) . 

• Elements  that  oxidize  In  air  but  can  be  readily  reduced  by  hydrogen 
at  850 °C  (V,  Cr,  Mo,  W,  Fe,  Co,  and  Nl) . 


• Elemeats  that  oxidize  In  air  and  are  not  reducible  by  hydrogen  at 
850°C  (Nb  and  Ta) . 

e Elements  that  react  with  Si02  to  form  the  oxide,  reduce  the  SIO2 
to  form  SI  (Y,  Tl,  Zr,  and  La),  and  are  not  reducible  by  hydrogen 
at  850°C. 

TABLE  3 

REACTIVITIES  OF  POTENTIAL  DOPANTS 

Element  Group  Oxidizes  In  Air  Oxide  Reducible  Reduces  SIO2 

in  H2 


La 

Ill  B 

Yes 

No 

Yes 

Ti 

1 

IV  B 

Yes 

No 

Yes 

ZrJ 

I 

i 

Yes 

No 

Yes 

V 

1 

Yes 

Yes 

No 

Nb 

r 

V B 

Yes 

No 

No 

Ta, 

Yes 

No 

No 

Cri 

Yes 

Yes 

No 

Mol 

1 

VI  B 

Yes 

Yes 

No 

w J 

1 

Yes 

Yes 

No 

Fe"^ 

Yes 

Yes 

No 

Co 

< 

Yes 

Yes 

No 

N1 

Yes 

Yes 

No 

Ru 

VII 

No 

— 

— 

Rh 

No 

-- 

— 

Pd 

No 

— 

— 

Os 

No 

— 

— 

Ir^ 

No 

— 

— 

Pt 

No 

— 

-- 
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Ac  least  one  metal  was  Included  from  each  of  these  classes.  The  metals 
in  the  fourth  class  will  react  to  give  a layer  of  metal  oxide.  For  the  initial 
survey,  the  following  elements  were  selected:  Ir,  Pd,  Pt,  Nb,  Ta,  W,  Vk>,  Cr, 
Ni,  and  Ti. 

DOPANT  CONCENTRATION 

It  is  of  interest  to  calculate  the  charge  stored  in  a MNOS  device  to  give 


a threshold  shift  of  AV^,  if  the  charge  is  located  near  the  silicon/insulator 


interface.  This  situation  is  given  by: 


^stored 


C 

o T 


where  C^  is  the  gate  insulator  capacitance.  For  AV„  «■  10  volts.  Q 

o T ' ^stored 


- 10  , 2 9 2 

1.6  X 10  C/cm  , or  about  10  electronic  charges/cm  . 


Kahng  et  al. 


have  indicated  that  the  effective  doping  range  for 


tungsten  in  thick  oxide  MNOS  devices  was  between  10^^  to  5*10^^/cm^.  There 


are  then  10^  to  10^  available  dopant  sites  for  each  stored  charge. 


In  Phase  I of  this  program,  dopant  concentrations  ranged  between  0 and 


i;  -2 

5 X 10  cm  . 


DOPING  CONDITIONS 

Methods  that  have  the  potential  of  introducing  precise  amounts  of  dopant 

are: 

a.  Vacuum  deposition  by  evaporation  or  sputtering. 

b.  Adsorption  of  metal  ions  from  solution. 

c.  Electroplating  by  current  flow  through  the  thin  oxide. 


.f : 


r 
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d.  Exposure  to  a gas  bearing  the  dopant  at  high  temperature  or  In 
electrical  discharge. 

e.  Growing  the  last  portion  of  the  oxide  film  In  the  presence  of  small 
additions  of  dopants  to  the  flow  gas. 

f.  Ion  Implantation. 

Doping  by  vacuum  deposition,  sputtering,  and  adsorption  from  solution  were 
employed  In  this  Investigation. 

VACUUM  DEPOSITION  OF  METAL  DOPANTS  BY  EVAPORATION 

Vacuum  deposition  of  the  metal  dopants  Is  the  most  generally  applicable 
technique  available.  Evaporation  by  electron  gun  is  readily  controlled  and 
the  use  of  quartz  crystal  monitors  provides  a reliable  relative  thickness 
standard. 

Figures  4 and  5 are  schematics  of  the  deposition  equipment.  Figure  4 
Indicates  the  relationship  between  the  wafer  holder,  the  Sloan  180°  electron 
gun,  the  flying  shutter,  and  the  two  quartz  crystal  monitors.  Figure  5 
is  a top  view  of  the  wafer  holder.  The  open  and  closed  shutter  positions  are 
shown  by  the  dotted  lines. 

The  wafer  holder  has  a capacity  of  four-two  inch  wafers.  However,  only 
during  the  deposition  of  altunlnum  does  It  hold  more  than  2 wafers.  During  a 
dopant  evaporation  only  two  wafers  are  placed  at  the  points  marked  A and  B 
In  Figure  5.  The  darkened  areas  Indicate  the  position  of  shields  used  to 
' prevent  deposition  on  those  portions  of  the  wafers.  A small  slug  of  the  dopant 

metal  Is  placed  In  the  electron  gun  and  the  system  evacuated  to  below  10  ^ 

I torr.  The  shutter  covers  the  wafers  and  the  Inner  oscillator. 

I 

The  dopant  metal  Is  slowly  heated  to  its  melting  point  by  the  magnetically 
focused  electron  beam.  The  water  cooled  outer  oscillator  monitors  the  gradually 
Increasing  rate  of  evaporation. 

J 

} - 
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E-BEAM  EVAPORATION  METHOD  OF  INTERFACE  DOPING 


Figure  4.  E-Beam  Evaporation  Method  of  Interface  Doping 
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TOP  VIEW  OF  WAFER  HOLDER 


WATER  COOLED 


Figure  5.  Top  View  of  Wafer  Holder 


Once  this  rate  has  stabilized  at  a predetermined  level,  the  shutter 
begins  to  open.  If  the  rate  of  evaporation  of  a metal  is  high  or  a low 
dopant  concentration  is  desired,  the  shutter  is  set  to  turn  through  the  27 
degrees  necessary  to  expose  the  wafers  completely  in  1 second.  For  lower 
evaporation  rates,  the  shutter  is  allowed  5 seconds  to  rotate  through  this 
angle.  As  the  shutter  opens,  the  inner  oscillator  measures  the  evaporated 
metal  thickness.  By  noting  the  oscillator  frequency  before  the  shutter 
opens  and  after  it  closes  again,  we  can  calculate  the  amount  of  dopant  on 
those  parts  of  the  wafers  exposed  for  the  longest  time. 

When  the  wafers  have  been  fully  exposed  (save  for  the  shielded  regions), 
the  shutter  is  released  from  motor  control  and  swings  shut  instantly. 

Table  4 shows  the  multipliers  necessary  to  calculate  dopant  concen- 
tration from  the  frequency  change  of  the  oscillator  recorded  during  the 
evaporation. 


Dopant 


TABLE  4 

MULTIPLIERS  TO  CALCULATE  DOPANT  CONCENTRATION 

Maximirn  Dopant  Concentration,  x 10  cm 


Tungsten 

0.0717  X 4f 

Iridium 

0.0686  X Af 

Palladltm 

0.1236  X Af 

Platinum 

0.0674  X Af 

Niobium 

0.1416  X Af 

Tantalum 

0.0724  X Af 

Molybdenum 

0.1369  X Af 

Chromium 

0.2536  X Af 

Nickel 

0.2252  X Af 

Titanium 

0.2740  X Af 
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TUNGSTEN  OXIDE  EVAPOIATION 

Of  th«  six  aost  proalslng  dopants,  tungsten  proved  to  be  the  most  diffi- 
cult one  to  deposit  by  electron  beaa  evaporation.  It  was  difficult  to 
maintain  a constant  rate  of  evaporation  for  the  required  length  of  time.  As 
a result,  we  investigated  the  possibility  of  evaporating  tungsten  trioxide 
from  a ribbon  of  the  metal. 

A tungsten  ribbon  of  dimensions  .003"  x 3/8"  x 5"  is  clamped  between  two 
current  leads  from  a step-down  current  transformer.  The  strip  is  oxidized 
in  air  by  passing  a large  current  through  it.  By  observing  the  colors  on 
the  ribbon,  the  resulting  oxide  thickness  can  be  controlled  and  is  highly 
reproducible.  The  system  is  then  evacuated  and  the  oxide  flashed  off  and 
deposited  on  the  wafers  by  resistance  heating  the  strip. 

DOPANT  DEPOSITION  BY  SPUTTERING 

Sputtering  was  carried  out  in  a vacuum  system  filled  with  argon  to  a 

• 2 “6 

pressure  of  1.8*10  torr.,  after  having  been  previously  evacuated  to  10 

torr.  Sputtering  targets  were  6 in.  in  diameter,  and  the  distance  between 
targets  and  substrates  was  1.5  inches.  A sputtering  power  of  50  watts  was 
used.  This  resulted  in  a deposition  rate  of  6 A/mln.  Only  Cr  and  N1  were 
sputtered . 

DOPANT  DEPOSITION  BY  SOLUTION  DOPING 

Very  dilute  solutions  (0.00018M)  of  Cr  or  Ni  were  prepared.  From  1 to 

3 

3 cm  of  solution  were  then  metered  out  and  the  solvent  evaporated  on  the 
wafer  surface.  The  resulting  dopant  concentration  was  not  uniform  over  the 
wafer,  however,  the  dopant  concentration  being  higher  at  the  wafer  edges  due 
to  the  accumulation  of  solute  at  the  edges  where  the  solvent  evaporated  last. 
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ANALYTICAL  PROCEDURES 


When  the  dopant  was  evaporated,  the  deposited  dopant  concentration  was 
) monitored  by  the  frequency  change  of  a 4 MHz  quartz  crystal.  The  quartz 

crystal.  In  turn,  was  calibrated  In  blank  runs  In  which  metal  was  deposited  on 
an  oxidized  SI  wafer  to  a coverage  of  about  100  monolayers,  which  was  accurately 
determined  by  atomic  absorption  measurements.  This  was  then  compared  to  the 
corresponding  frequency  change.  The  sensitivity  of  the  quartz  crystal  used 
was  -0078  mlcrogram/Hz . 

When  the  dopant  was  sputtered,  the  dopant  concentrations  were  determined 
from  the  sputtering  time  at  a sputtering  voltage  and  current  for  which  the 
sputtering  rate  has  been  previously  determined  In  blank  experiments  using 
dopant  thicknesses  of  500  to  1000  A. 

In  experiments  Involving  solution  doping,  very  dilute  (0.00018M)  solutions 

3 

of  the  dopants  (Cr  and  N1  only)  were  prepared.  From  1 to  3 cm  of  solution 
were  then  metered  out  and  the  solvent  evaporated  on  the  wafer  surface.  The 
average  dopant  concentration  was  then  calculated  from  the  quantity  of  solute 
contained  In  the  solution,  which  was  known  to  three  significant  figures. 


I 

I 

I 

i 

i 

f 

( ) 

f 

( 


Auger  analysis  of  the  wafer  surface  after  dopant  deposition  clearly  shows 
the  presence  of  the  dopant.  This  Is  Illustrated  In  Fig.  6 for  tungsten.  In 
addition  to  the  expected  elements,  a strong  carbon  peak  Is  always  visible, 
probably  due  to  the  long  storage  time  before  analysis.  The  Auger  peak-to-peak 
distance  for  the  various  W lines  obtained  for  a number  of  W concentrations 
corresponds  reasonably  well  to  the  surface  concentration  calculated  from  the 
quartz  crystal  frequency  change.  This  Is  Illustrated  in  Fig.  7 for  txmgaten 


23 


KAK.cii 


as  the  dopant,  for  the  tungsten  lines  corresponding  to  160  and  1700  ev  Afliger 


electron  energy. 
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SECTION  V 


WRITE  CHARACTERISTICS 


WRITE  MECHANISMS  AND  WRITE  CURVES 

The  three  mechanisms  by  which  the  threshold  voltage  In  interface  doped 
MNOS  devices  can  be  changed  are  illustrated  in  Figure  8.  First,  charge  can 
be  transferred  through  the  thin  oxide  by  a tunneling  process  (direct  tunneling 
if  the  oxide  is  thin,  and  F-N  tunneling  if  thick).  Application  of  a positive 
write  voltage  on  the  gate  will  shift  the  threshold  voltage  in  a positive  direction 
(forward  shift).  Second,  charge  can  be  transferred  from  the  gate  electrode 
through  the  Sl^N^  to  the  storage  sites,  probably  by  Poole-Fraikel  conduction. 

Here,  application  of  a positive  voltage  to  the  gate  electrode  shifts  the 
threshold  voltage  in  a negative  direction  (reverse  shift).  Third,  the  threshold 
voltage  can  change  irreversibly  due  to  effects  associated  with  wear-out  (lack 
of  endurance)  which  is  caused  by  the  prolonged  application  of  a high  write  voltage 
of  either  polarity,  and  is  normally  associated  with  the  generation  of  a large 
number  of  fast  surface  states. 

The  first  mechanism  is  responsible  for  writing  the  two  memory  states.  It 

is  essentially  temperature  Independent.  The  second  mechanism,  which  is  strongly 

temperature  dependent,  has  not  been  found  to  be  the  predominant  one  in  this 

2 

investigation.  Note,  however,  that  Thornber  et.al.have  reported  that  the 
second  mechanism  is  important  in  determining  retention. 

To  write,  a sufficiently  high  write  voltage  must  be  applied  for  a sufficient 
length  of  time.  The  lower  the  write  voltage,  the  longer  the  time  required  to 
transfer  the  charge  to  the  storage  sites  and  change  the  threshold  voltage. 

This  is  schematically  indicated  in  Fig.  9,  where  the  expected  threshold  voltage 
shift  is  shown  as  a function  of  the  write  pulse  width  for  various  write  pulse 
amplitudes  (full  lines) . The  expected  behavior  is  shown  for  initial  memory 
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THRESHOLD  VOLTAGE  CHANGES 
IN  INTERFACE-DOPED  MNOS  CAN  OCCUR  DUE  TO; 

(I)  (ID  DID 

Charge  hotion  through  the  Charge  motion  through  Irreversible  surface  poten- 

OXIDE  AND  STORAGE  AT  THE  THE  NITRIDE  AND  STORAGE  TIAL  CHANGES  DUE  TO  HEAR-OUT 

INTERFACE.  AT  THE  INTERFACE.  EFFECTS  (ENDURANCE). 

a)  direct  tunneling  a)  Richardson-Schottkv  Mechanism  unknown 

b)  Fowler-Nordheim  b>  Poole-Frenkel 

TUNNELING 


temperature- independent  TEMPERATURE-DEPENDENT  CAN  BE  ANNEALED 


Figure  8.  Threshold  Voltage  Changes  In  Interface-Doped  MNOS 
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states  for  which  the  threshold  voltage  Is  -1  V and  also  + 10  V,  and  to  which 
a positive  and  negative  write  voltage  Is  applied,  respectively.  When  the 
write  voltage  Is  first  applied,  the  threshold  voltage  changes  rapidly  due  to 
the  high  field  across  the  thin  oxide.  However,  the  threshold  voltage  must  be 
expected  to  saturate  soon  as  more  and  more  charge  Is  stored  at  the  dopant  sites 
and  the  field  Is  reduced.  The  time  at  which  the  threshold  voltage  levels  out 
with  time  depends  on  the  write  pulse  amplitude. 

The  write  curves  for  negative  applied  write  voltages  are  roughly  mirror 
Images  of  those  for  positive  applied  voltage.  The  point  at  which  the  curves 
for  a particular  write  voltage  -V^  and  Intersect  Is  a"i  Indication  of  the 
speed  with  which  the  device  can  be  written.  We  have  taken  the  time  associated 
with  the  Intersection  of  the  30  V write  curves  to  characterize  the  device  write 
speed.  At  the  pulse  width  corresponding  to  the  30  V Intersection,  about  half 
of  the  saturation  memory  window  Is  written  for  a 30  V pulse  amplitude. 

It  Is  found  experimentally  that  the  spaclngs^  b on  the  log  time  axis> 

w 

between  write  characteristic  curves  expressed  In  decades  of  write  time  per 
volt  of  write  voltage  are  approximately  equal  In  the  range  of  voltages  from  20 
to  40  V,  which  were  normally  used  for  writing.  Also,  the  slopes  of  the  write 
curves,  expressed  In  volts  of  threshold  voltage  change  per  decade  of  applied 
write  pulse  time,  are  approximately  equal  for  all  write  voltages  of  the  same 
polarity.  The  same  Is  true  for  both  polarities,  except  that  the  sign  of  the 
slopes  are  changed. 

The  schematic  behavior  Indicated  In  Fig.  9 Is  actually  followed  quite 
wel),  as  Indicated  In  Fig.  10  where  actual  experimental  write  curves  are  plotted 
for  a chromium  Interface  doped  varactor  for  write  voltages  of  ± 25V  to  + 40V  and 
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THRESHOLD  VOLTAGE.  VOLTS 


pulse  widths  between  5p,s  and  10s.  The  write  behavior  o£  this  device  can  be 
characterized  by  a write  slope  of  1.8  V/dec,  a spacing  b^  between  write  curves 
of  0.43  dec/volt  for  positive  write  voltages  and  -0.30  dec/volt  for  negative 
write  voltages,  and  a "30  V Intersection"  of  100  p,s,  meaning  that  approximately 
a 5 V window  can  be  written  at  a 100  p,s  write  pulse  width  and  a 30  V write 
pulse  amplitude. 

It  can  also  be  seen  from  Fig.  10  that  the  threshold  voltage  does  not 
saturate  with  pulse  width,  as  predicted  by  Fig.  9,  but  goes  through  a maximum 
and  then  decreases  again.  This  is  particularly  true  for  write  voltages  in 
excess  of  25  V.  For  example,  after  a 100  sec  write  pulse,  the  threshold  voltage 
window  characterizing  the  two  memory  states  is  smaller  at  **  40  V than  it  is 
at  30  V,and  the  window  may,  in  fact,  close  down  completely  for  very  long 
write  times.  Devices  which  have  been  written  past  the  maximum  threshold  window 
have  sustained  at  least  some  permanent  wear-out  damage  and  cannot  be  fully  re- 
written. They  act  instead  like  devices  which  have  been  cycled  beyond  their 
endurance  limit.  This  effect  is  always  associated  with  an  increase  in  the 
surface  state  density.  We  have  taken  the  maximum  memory  window  achievable  for 
any  write  pulse  width  or  amplitude  (up  to  40V)  as  the  "saturation  memory  window." 
The  saturation  memory  window  of  the  device  In  Fig.  10,  for  Instance,  is  from 
+12.5  to  -0.5,  for  a maximum  window  of  13  V,  at  ■ + 40  V. 

COMPARISON  WITH  UNDOPED  DEVICES 

It  is  in  the  write  characteristics  where  the  beneficial  role  of  Interface 

doping  can  be  demonstrated  best.  Figure  11  illustrates  the  write  characteristic 

curves  of  two  devices  which  differed  from  each  other  only  In  that  one  was  doped 
15  -2 

with  1.1*10  cm  of  Pt,  and  the  other  was  undoped,  (llhey  were  adjacent  on  the 
same  wafer.)  Writing  with  both  polarities  gives  the  curves  shown  in  Fig,  11, 
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WRITE  CHARACTERISTIC  CURVES  OF  ADJACENT  DEVICES 
THOSE  WITH  PLATINUM  DOPING  COMPARED  TO  THOSE  WITHOUT  DOPING 


Positive  Write  Slope 

2.2  v/dec 

2.3 

undoped 

doped 


Negotive  Write  Slope 
1.9  v/dec 
0.9 


Cone,  of  Oopont 
I.IXI0*®em"2 


J ^ L 


30  inf. 
UNDOPED 


_i  I I 


30  ini. 

UNDOPEO^'^" 

10  I02  10^ 

WRITE  PULSE  WIDTH,  /t  sec 


PULSE 
AMPLITUDE 
+30  V 
+ 25  V 
+ 20  V 
-35  V 
-30  V 
-25  V 
-20  V 


Figure  11.  Write  Characteristic  Curves  of  Doped 
and  Undoped  Devices 
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starting  from  the  opposite  saturated  memory  state.  It  can  be  seen  that  I 

the  write  curves  are  essentially  identical  for  the  doped  and  undoped  devices 

when  the  write  voltage  is  positive.  However,  for  negative  write  voltages,  the  - 

undoped  device  needed  much  longer  pulse  widths  to  bring  about  the  same  threshold 

voltage  change  which  was  obtained  for  much  shorter  pulse  widths  in  the  doped 

device.  Thus,  a 1 ms  pulse  at  -35  V gives  the  same  threshold  voltage  change 

for  the  undoped  device  as  a 0.1  ms  pulse  at  -20  V for  the  doped  device. 

The  differences  in  the  write  characteristics  between  a doped  and  undoped 
device  can  be  sumnaiL Ized  as  follows: 

a)  The  undoped  device  cannot  eject  negative  stored  charge  from  the 
interface  back  to  the  silicon  as  quickly  as  the  doped  device. 

b)  The  negative  write  slope  for  the  undoped  device  is  only  half  that 

of  the  doped  devices.  I 

c)  The  spacing  between  negative  write  curves,  t^he  undoped  device 

is  only  half  that  for  the  doped  device. 

I 

DEPENDENCE  OF  WRITE  SPEED  ON  DOPANT  CONCENTRATION 

It  was  generally  found  that  the  write  speed  increased  with  increasing 
daps'  concentration.  This  dependence  is  not  strong,  however,  and  is  easily  i 

clouded  by  even  small  differences  in  oxide  and  nitride  thicknesses.  In 
addition,  if  the  dopant  diffused  deeper  into  the  oxide,  due  to  exposure  to  a 
longer  or  higher  temperature  wafer  processing  cycle  after  deposition,  then  i 

F 

high  write  speeds  can  be  observed  even  at  relatively  low  concentrations.  p 

Fig.  12  shows  the  normally  observed  behavior.  Here  the  25  volt  Inter-  1^. 

-J 

I section  is  plotted  as  a function  of  the  chromium  dopant  concentration  for  a ^ 

J'' 

set  of  increasing  oxlde/nitrlde  thicknesses.  The  write  speed  Increases  by 

about  two  orders  of  magnltxide  for  an  Increase  In  the  doping  by  one  order  of  | 

magnitude . 

I 

I ' 
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Figure  12.  Cr  Dopant  Concentration  vs.  Time 
of  25V  Intersection 
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DEPENDENCE  OF  WRITE  SPEED  ON  OXIDE  THICKNESS 


The  oxide  thickness  has  a strong  Influence  on  write  speed.  Although  this 
Influence  Is  again  clouded  somewhat  by  the  varying  degrees  of  diffusion  of  the 
dopant  In  the  oxide,  the  dependence  of  write  speed  on  oxide  thickness  Is 
generally  as  shown  In  Fig,  13,  which  displays  the  dependence  for  fast-wrlte 
devices.  An  Increase  In  the  oxide  thickness  of  20  A decreases  the  write  speed 
by  about  3 orders  of  magnitude. 

TEMPERATURE  DEPENDENCE 

The  temperature  dependence  of  the  write  characteristics  Is  small.  This 
Is  to  be  expected  If  writing  occurs  by  charge  transfer  through  the  oxide  by 
F-N  tunneling  which  Is,  to  a first  order  approximation,  temperature  Independent. 

This  Is  Illustrated  In  Fig.  14,  which  shows  the  +25  V write  characteristic 

curve  for  platinum  doped  varactors  at  various  temperatures  between  25°C  and  j 

300°C.  A.t  300°C,  the  second  write  mechanism  discussed  above  is  perhaps 

coming  into  play,  reducing  the  effective  charge  transferred  by  F-N  tunneling, 

and  thus  resulting  In  a small  threshold  voltage  shift.  The  principal  con-  ^ 

elusion  is,  therefore,  that  the  write  mechanism  is  by  F-N  tunneling  at  least  ■ 

up  to  250°C.  f 
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TIME  OF  25  VOLT  INTERSECTION  VS  OXIDE  THICKNESS  FOR  2 CHROMIUM  CONCENTRATIONS 
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Figure  13.  Time  of  25V  Intersection  vs.  OKlde  Thickness 
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25  VOLT  VfRITE  CHARACTERISTIC  CURVE  FOR  PLATINUtl 
DOPED  VARACTORS  AT  ELEVATED  TEMPERATURES 

I 

o 300*C 
o 250*C 
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V I50*c 
>«  |00*C 
• RT 
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WRITE  CHARACTERISTICS  OF  DEVICES  DOPED  BY  SPUTTERING 

Devices  doped  by  sputtered  Cr  cr  N1  generally  behaved  similarly  to  those 
doped  by  evaporation,  with  the  possible  exception  that  writing  with  negative 
write  voltages  was  more  difficult.  This  is  illustrated  in  Fig.  15  for  Ni 
doped  varactors,  and  in  Fig.  16  for  Cr  doped  varactors. 

SUMMARY  OF  WRITE  CHARACTERISTICS 

The  write  characteristics  for  Pt,  W,  Ni,  Cr,  Ir,  and  Pt  doped  devices  are 
summarized  in  Table  5.  It  should  be  noted  that  there  Is  a considerable  degree 
of  similarity  between  the  write  parameters  of  all  devices  for  all  dopants, 
concentrations,  and  oxide  thicknesses.  Thus,  over  the  entire  dopant  concen- 
tration (10^^  to  10^^  cm  and  oxide  thickness  range  (40  to  140A)  stiidied, 
and  all  of  the  six  most  promising  dopants,  the  write  slope  was  always  2.0  + 0.5  V/dec, 
and  the  spacing  b^  was  always  0.40  + 0.10  dec/volt.  The  saturation  (maximum) 
memory  window  was  generally  around  10  V.  The  parameter  which  does  differ  the 
most  between  devices  is  the  "30  V intersection."  The  shortest  "30  V inter- 
sections" are  obtained  for  the  thinnest  oxide  films  and  the  highest  dopant 

-9 

concentrations.  The  lowest  value  is  2*10  sec,  obtained  for  a 48  A oxide  film 

15  -2 

and  a Cr  dopant  level  of  4.5*10  cm  , and  a 58  A oxide  film  and  a WO^  con- 

15  -2 

centration  of  1.94*10  cm  . For  the  thicker  oxide  films  and  lower  dopant  con- 
centrations, values  as  long  as  100  msec,  have  been  obtained.  This  covers  the 
range  of  write  speeds  required  for  fast  and  slow  write  devices. 
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SECTION  VI 

DOPANT  CONCENTRATION  DEPENDENCE  OF  MEMORY  WINDOW 
Dopants  were  selected  in  accordance  to  their  reactivity  with  oxygen.  One 
metal,  Tl,  has  an  oxide  more  stable  than  SIO2.  Nb  and  Ta  have  oxides  which  are 
not  reducible  by  hydrogen,  while  Cr,  Mo,  W,  and  N1  have  oxides  which  are  reducible 
by  hydrogen.  Three  metals  were  chosen  for  their  Inertness  toward  oxidation; 

Pd,  Ir,  and  Pt. 

We  have  Investigated  the  saturation  memory  wlndcw  for  10  different  dopants,  namely, 

Pt,  W,  Nl,  Cr,  Ir,  Pd,  Nb,  Ta,  Mo,  and  Tl  at  various  dopant  surface  concen- 
trations between  10^^  to  10^^  cm  ^ and  In  the  oxide  thickness  range  from  40 
to  140  A.  Reasonably  large  saturation  memory  windows  were  obtained  In  this 
range  foi  six  dopants:  Pt,  W,  Nl,  Cr,  Ir  and  Pd. 

The  behavior  displayed  by  Pt  in  Fig.  17  Is  somewhat  typical  for  these 
six  dopants.  The  saturation  memory  window  Is  located  principally  at  positive 

threshold  voltages.  The  window  tends  to  become  smaller  at  dopant  concentrations 
14  -2 

lower  than  10  cm  , and  In  some  cases,  but  not  always,  a closing  trend 

15  -2 

Is  observed  beyond  10  cm  . It  should  be  noted  that  the  oxide  thickness 
has  relatively  little  effect  on  the  saturation  memory  window.  The  write 
voltage  required  to  achieve  the  saturation  window  Is  higher  for  the  thicker 
oxide  devices,  of  course,  but  the  maximum  achievable  window  Is  not. 

Behavior  similar  to  Pt  was  found  for  W (Fig.  18),  Nl  (Fig.  19),  Cr 
(Fig.  20),  Ir  (Fig.  21),  and  Pd  (Fig.  22).  An  especially  detailed  picture 
was  obtained  for  chromium  at  dopant  concentrations  between  10^^  and  10^^  cm 
It  was  found  that  In  this  range,  somewhat  surprisingly,  the  thinner  oxide 
windows  close  faster  with  decreasing  dopant  concentration  than  the  thicker 
oxides. 
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DOPANT  CONCENTRATION,  cm ' 


Figure  20.  Chromium  Saturation  Memory  Window  vs. 
Dopant  Concentration 


DOPANT  CONCENTRATION,  cm-2 


Figure  21.  Iridium  Saturation  Memory  Window  vs 
Dopant  Concentration 
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DOPANT  CONCENTRATION,  cin-2 


Figure  22.  Palladium  Saturation  Memory  Window 
vs.  Dopant  Concentration 
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These  dopants  give  satisfactory  memory  windows  for  applications  in  arrays. 

It  should  be  noted  that  the  center  voltage  of  the  window  indicates  that  they 

should  be  most  useful  as  N-channel  devices. 

The  use  of  niobium,  tantalum,  and  molybdenum  did  not  lead  to  satisfactory 

results.  This  is  shown  in  Figs.  23,  24,  and  25,  respectively,  in  which  the 

memory  window  is  plotted  as  a function  of  dopant  concentration  for  various 

oxide  thicknesses.  For  niobium  and  molybdenum,  the  window  was  judged  to  be 

too  small  to  be  useful  over  the  range  studied.  For  tantalum,  the  additional 

14  -2 

problem  was  encountered  that,  for  dopant  concentrations  above  5x10  cm  , Ta 
diffused  through  the  Si02  to  the  silicon  substrate,  leading  to  the  disappearance 
of  the  memory  effect.  This  was  also  true  for  all  concentrations  of  T1  used. 

It  is  thus  concltided  that  the  more  reactive  metals  are  not  suitable  for  memory 
application. 

The  dopant  materials  Ft,  U,  Nl,  Cr,  Ir  and  Pd  are  satisfactory  for  memory 
applications  because: 

- the  saturation  window  is  at  least  8V 

- the  saturation  window  is  independent  of  dopant  concentration  over 
-at  least  a decade. 

there  is  minimum  diffusion  through  the  oxide 

- there  is  no  reaction  with  the  oxide. 
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Figure  23.  Niobium  Memory  Windows  vs.  Oxide  Thickness 
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ftSEMORY  WINDOW  vs.  To  CONCENTRATION^ 
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Figure  24.  Memory  Window  vs.  Tantalum  Concentration 
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SECTION  VII 

MEMORY  RETENTION 

After  writing,  the  charge  stored  at  the  dopant  sites  tends  to  leak  away 
from  the  oxide  nitride  Interface  In  order  to  decrease  the  field  created  by  Its 
presence.  Charge  decay  at  the  dopant  sites  can  occur  either  by  conduction 
through  the  memory  oxide  back  to  the  silicon  (writing  In  the  reverse  direction) 
or,  by  conduction  through  the  silicon  nitride  to  the;  aluminum. 

In  the  conventional  MNOS  device,  virtually  all  charge  motion  occurred 
through  a thin  oxide  layer  via  direct  tunneling, and  charge  retention  In  traps 
located  In  the  nitride  was  relatively  short.  In  the  case  of  Interface  doped 
MNOS  devices,  however,  the  time  required  for  a measurable  amount  of  charge  to 
decay  Is  generally  In  excess  of  many  months,  even  years.  Fowler-Nordhelm 
back  tunneling  through  the  oxide  Is  the  dominant  mechanism,  the  oxide  Is 
generally  thicker,  and  the  dopant  traps  are  deeper. 

The  high  retention  of  the  Interface  doped  devices  makes  accelerated 
charge  decay  tests  necessary.  Charge  leakage  through  the  nitride  or  oxide, 
or  both,  can  be  accelerated  by  applying  a gate  bias  voltage  to  Increase  the 
electric  field.  Conduction  through  the  nitride  alone  can  be  accelerated  by 
raising  the  temperature  since  It  Is  an  activated  mechanism. 

STORED  CHARGE  DECAY  AS  A FUNCTION  OF  TIME 

In  general,  retention  behavior  parallels  write  behavior.  It  Is  character- 
ized by  a set  of  curves  describing  the  decay  of  the  threshold  voltage  as  a 
function  of  time.  The  curves  are  linear  on  a log  time  plot  over  a considerable 
portion  of  the  memory  window.  The  following  parameters  are  used  to  describe 
retention  behavior.  First  there  Is  the  decay  slope  measured  In  volts/decade, 
which  Is  analogous  to  the  write  slope,  and  which  describes  the  rate  at  which 
the  memory  states  change  from  one  Into  the  other  with  time  for  a specific 
accelerating  bias.  A second  parameter  Is  the  spacing  between  the  linear  regions 
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of  the  characteristic  curves,  measured  In  decades  of  time  per  applied  bias 
voltage  difference.  Thus  b Is  quite  analogous  to  b , the  spacing  between 
the  write  characteristic  curves  described  earlier.  Retention  Is  further 
characterized  by  » the  extrapolated  charge  relaxation  time  for  zero 

applied  bias.  The  retention  time  Itself,  t , Is  the  time  after  writing  when 
memory  is  finally  lost,  i.e.,  the  window  is  closed. 

The  procedure  to  estimate  the  time  beyond  which  noticeable  charge 

decay  is  observed,  and  also  t , is  as  follows.  After  writing  into  a device 
to  give  a certain  threshold  voltage  shift,  normally  6 to  10  volts,  an  acceler- 
ating bias  is  applied  to  the  gate.  The  bias  is  of  a polarity  opposite  that  of 
the  writing  voltage.  In  most  cases,  the  retention  of  the  positive  threshold 
voltage  state  only  was  studied,  since  here  the  negative  applied  bias  voltage 
adds  to  the  internal  field  in  the  oxide  due  to  the  electrons  stored  at  the 
interface.  The  positive  memory  state  is  then  the  most  vulnerable  to  decay. 

Under  the  applied  bias,  the  threshold  voltage  decay  is  recorded  as  a 
function  of  time.  When  a decay  of  approximately  5 V has  been  observed,  the 
measurement  is  repeated  on  a similar,  neighboring  device  with  a different  bias 


voltage.  One  such  measurement  will  yield  the  decay  slope,  but  two  are  necessary 
to  measure  b . This  procedure  is  Illustrated  in  Fig.  26.  The  decay  of  the 
threshold  voltage  was  followed  for  bias  voltages  of  -21  V,  -18  V and  -16  V. 


It  can  be  seen  that 


r 

relax 


moves  rapidly  towards  longer  times  as  the  bias 


voltage  becomes  smaller.  Assuming  that  b^  remains  constant  down  to  > 0, 


an  extrapolated  ■ 0)  Is  obtained  by  displacing  “ 1^) 
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to  the  right  on  the  log  time  scale  by  the  amount  16  x b . If  It  Is  also  assumed 

R 

that  the  decay  slope  is  the  same  between  0 and  -21  V,  t can  be  estimated  by 

drawing  a line  of  the  same  decay  slope  from  (Vj^  ■ 0)  to  the  = 0 axis. 

The  time  marked  by  that  intersection  is  taken  to  be  t^. 

It  should  be  noted  that  several  of  the  measurements  in  Fig.  7-1  were 

carried  out  at  100°C  instead  of  room  temperature.  These  points  coincide  with 

the  room  temperature  measurements  indicating  that  at  100°C  activated  charge 

conduction  through  the  nitride  does  not  yet  play  a major  role  in  these  devices. 

As  was  found  for  the  write  characteristics  curves,  the  decay  slopes  and 

spacings  do  not  differ  greatly  from  device  to  device  over  the  range  of  dopants, 

concentrations,  and  oxide  thicknesses  investigated.  Thus,  the  decay  slopes 

are  of  the  order  of  2V/dec  for  poorly  retaining  devices  and  1 V/dec  for  highly 

retaining  ones.  The  spacing  b varies  from  about  0.30  dec/volt  for  the  less 

R 

retentive  devices  to  about  0.60  dec/volt  for  the  more  retentive  ones.  By 
far  the  most  sensitive  parameter  is  “0),  which  has  been  found  to 

vary  over  nearly  20  orders  of  magnitude  depending  on  doping  and  oxide  thickness. 
THE  EFFECT  OF  OXIDE  THICKNESS 

^relax  ^'^b  " chromium  doped  device  described  in  Fig.  7-1  is 

9 

1.9  X 10  seconds,  or  60  years.  This  is  not  an  uncommonly  high  value.  Table 
7-1  contains  a list  of  the  four  Important  retention  parameters,  including 
^rclax  ^'^b  " devices  situdled  in  the  course  of  Phase  I of  this  program. 

9 

‘^relax  from  a low  of  5.3  seconds  to  8.5  x 10  years.  Iliis  extreme 

variation  in  charge  retention  is  largely  a function  of  oxide  thickness.  If 
devices  are  compared  in  Table  7-1  which  have  the  same  dopant  and  concentration, 
there  are  many  examples  where  the  device  with  the  thicker  oxide  has  the  higher 
retention. 
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Retention  Parameters  for  the  Six  Promising  Dopants 
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Figure  27  Illustrates  the  relationship  between  oxide  thickness  and 
^relax  chronlum  doped  devices.  It  can  be  seen  that  they  depend 

strongly  on  oxide  thickness. 
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THE  EFFECT  OF  DOPANT  CONCENTRATION 


The  decay  of  a written  threshold  voltage  at  some  applied  gate  bias  Is  at 
first  quite  rapld(Ilnear  portion  on  the  log  time  plot),  but  then,  as  It 
approaches  zero  volts,  the  decay  becomes  much  slower  (nonlinear  In  log  time). 
It  Is  the  rapid,  linear  decay  which  was  described  above,  and  which  Is  used  to 
estimate  T , and  t . The  slope  of  this  curve  (V/dec)  Increases  slightly 
as  the  dopant  concentration  Increases.  In  addition,  there  is  a slight 
Increase  In  the  decay  slope  with  the  applied  bias  voltage.  This  is  shown  In 
Table  7 In  which  the  decay  slope  Is  shown  as  a function  of  Cr  dopant  con- 
centration and  bias  voltage,  for  constant  oxide  and  nitride  thlckn‘^sses  of 
70  % and  452  respectively.  The  Increase  In  the  decay  slope  1^.  mure  rapid 
with  concentration  for  thicker  oxide  layers. 

It  can  be  seen  from  Table  6 that  bg  generally  depends  strongly  on  the 
oxide  thickness,  Increasing  with  thickness.  There  Is  also  a dependence  on 
the  concentration  at  any  one  oxide  thickness.  This  Is  even  mor^  clearly 
brought  out  In  Table  8,  where  bg  Is  listed  as  a function  of  Cr  dopant  con- 
centration for  100  S.  oxide  and  452  X nitride  devices.  It  Is  seen  that  between 
15  -2 

1.8  and  5.9  *10  cm  , b decreases  only  slowly,  but  It  decreases  rapidly  as 

Iv 

15  -2 

the  concentration  Increases  above  5.9*10  cm  . It  Is  also  seen  In  Table  8 
that  b Is  a slow  function  of  the  bias  voltage  applied  during  the  accelerated 

Iv 

retention  measurement.  Increasing  with  decreasing  bias.  This  means  that  the 

estimates  made  In  Table  6 to  obtain  T , (V.  ■ 0)  and  t„  are  conservative. 

reiAX  D K 
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TABLE  7 

VARIATION  OF  DECAY  SLOPE  WITH  CONCENTRATION 
OF  DOPANT  AT  70A  OXIDE  THICKNESS 


Decay  Slope 

Bias  Voltase 

Dopant  Concentration 

0.75V/dec 

-19  V 

3.3  X 10  cm 

0.92 

-19 

5.9 

1.07 

-19 

8.8 

f 


I 


i 

I 
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TABLE  8 

VARIATION  OF  "b„"  WITH  DOPANT  CONCENTRATION 
R 

AT  lOOA  OXIDE  THICKNESS 


Dopant  Concentration 

1.8  X 10^^  cm"^ 

5.9 

8.8 


19V  & -21V 
0.75  dec/V 
0.53 
0.22 


19V  & -25V 
0.64  dec/V 
0.54 
0.11 


21V  & -25V 
0.59  dec/V 
0.55 
0.27 
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The  effect  of  dopant  concentration  on  decay  slope  and  Is  Illustrated 
In  Fig.  28.  As  the  dopant  concentration  increases,  decreases  for 

several  oxide  thicknesses  and  applied  voltages,  as  a result  of  a decreasing 


and  increasing  decay  slope. 


10''  10®  10*  10*  10* 

^RCLAX  IV«pp).  SECONDS 


I 

Figure  28.  Concentration 
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TEMPERATURE  DEPENDENCE 


As  pointed  out  above,  one  possible  charge  decay  mechanism,  namely  con- 
duction through  the  nitride.  Is  strongly  temperature  dependent.  However, 

It  was  found  here  that  within  the  temperature  range  studied,  -196°C  to 
250°C,  back  tunneling  Is  the  dominant  mechanism. 

Figure  29  contains  several  retention  plots,  each  carried  out  at  a 
different  temperature.  The  same  applied  bias  was  used  In  each  case  and  all 
devices  were  originally  written  at  room  temperature.  It  can  be  seen  that 
decay  at  each  temperature  occurs  at  virtually  the  same  rate.  The  decay  slope 
Is  Independent  of  temperature  between  room  temperature  and  200*^C.  Since 
T , Is  a function  not  only  of  the  decay  slope  but  also  of  b , another 
experiment  was  carried  out  to  determine  how  the  separation  between  decay 
curves  at  different  biases  Is  affected  by  temperature.  The  results  are  shown 
In  Fig.  30.  Retention  measurements  were  made  with  three  different  bias 
voltages  at  both  room  temperature  and  250^0.  As  can  be  seen,  threshold  voltage 
values  for  a particular  bias  cluster  together  for  both  temperatures.  It  Is 
thus  concluded  that  b Is  also  not  strongly  affected  by  ten|>erature,  at  least 
to  a first  order  approximation. 

To  further  test  the  temperature  dependence,  retention  tests  were  made 

■i  - 

at  liquid  nitrogen  temperature.  Figure  31  contains  the  results  of  two 
retention  tests.  In  one  test  the  bias  voltage  was  applied  at  room  temperature. 
In  the  second  test,  bias  was  applied  at  n°Yi.  This  curve  was  corrected  for 
a voltage  shift  due  to  fast  surface  state  generation  (see  below) . Even  at 
77°K  therefore,  charge  decay  does  not  occur  at  a significantly  different  rate 
than  at  room  temperature.  Indicating  charge  decay  due  to  back  tunneling  only. 
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THRESHOiO  VOLTAGE,  VOLTS 


RETENTION  OF  CHROK9IUM  DOPED  VARACTORS 

AT  FOUR  TEftSPERATURES 
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RETENTION  OF  PLATINUD  DOPED  VARACTORS  COMPARED 
AT  ROOM  TEMPERATURE  AND  250'C 
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Figure  31.  Charge  Decay  at  Room  Temperature  and  77°K 


In  conclusion,  the  retention  of  metal  doped  M)OS  devices  Is  Independent 
of  temperature  between  -196°C  and  250°C,  at  least  to  a first  order  approximation. 
THE  EFFECT  OF  HIGH  POSITIVE  APPLIED  VOLTAGES 

Most  retention  tests  are  made  at  room  temperature  and  with  applied  biases 
that  are  considered  low  when  compared  to  the  voltages  used  to  write  the  devices. 
To  obtain  a maximum  decay  rate,  negative  biases  were  used  mostly  for  retention 
tests.  However,  the  effect  of  positive  bias  on  charge  decay  was  also  Investi- 
gated for  several  dopants.  The  results  for  Palladium  doped  varactors  are 
shown  in  Fig.  32.  Back  tunneling  of  the  electrons  through  the  oxide 
(negative  bias)  is  still  clearly  the  faster  decay  mechanism.  However,  at  +20 
volts  bias,  the  threshold  also  decays  In  a negative  direction  at  room  temper- 
ature. This  cannot  be  due  to  back  tunneling,  since  positive  bias  should 
yield  a positive  threshold  shift.  A positive  shift  would  be  expected  If  con- 
duction through  the  nitride  Is  taking  place.  However,  that  mechanism  Is  highly 
activated,  and  has  not  been  observed  (Figs.  29  and  30).  The  positive  shift 
Is  thus  believed  to  be  caused  by  the  third  threshold  shift  mechanism,  which 
Is  always  characterized  by  the  formation  of  large  ntimbers  of  fast  surface 
states.  As  shown  In  Fig.  32,  measurements  at  room  temperature  and  77°K  show 
the  generation  of  such  surface  states  with  time.  Indeed,  after  100  seconds 
of  applied  bias,  surface  states  are  Increasing  at  a rapid  rate. 

Platinum  doped  varactors  showed  similar  results.  In  Fig.  33,  note  again 
that  back  tunneling  Is  the  fastest  decay  mechanism.  At  positive  bias,  more 
and  more  surface  states  are  generated  with  time.  No  surface  state  formation 
occurs  for  comparable  negative  biases. 
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RETENTION  OF  PLATINUM  DOPED  VARACTORS 


Figure  33.  Platinum  Retention  at  High  Positive 
Applied  Voltages 
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THE  EFFECT  OF  ENDURANCE  CYCLING 


The  retention  of  conventional,  undoped  MNOS  devices  Is  strongly  reduced 
by  write/erase  cycling.  To  determine  the  Impact  of  endurance  cycling  on 
interface  doped  devices,  a retention  test  was  made  on  a varactor  before  and 
after  cycling  1000  times.  That  number  was  chosen  because  It  approximated  the 
effective  endurance  of  the  device  (see  below).  The  results  are  shown  in  Fig. 
34.  There  Is  a distinct  difference  between  the  retention  curve  made  before 
cycling  and  the  one  made  after  cycling.  The  latter  Is  shifted  by  an  almost 
constant  amount  in  the  negative  direction.  However,  when  the  threshold 
voltage  measurement  on  the  cycled  device  was  repeated  at  77°K,  it  was  found 
that  practically  the  entire  negative  shift  was  the  result  of  surface  state 
generation.  Thus  It  appears  that  charge  decay  Is  Independent  of  write/erase 
cycling  to  1000  cycles,  but  the  formation  of  surface  states  during  cycling 
causes  the  room  temperature  threshold  voltage  to  be  reduced.  Fast  surface 
state  generation  In  relation  to  write/erase  cycling  Is  discussed  In  a later 


section 


RETENTION  OF  PLATINUM  DOPED  VARACTORS  BEFORE  AND  AFTER 
ENDURANCE  CYCLING 
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1000  CYCLES  AT  ±25»,  lOO/tjec 
Cp,a0.7l«l0'®cm'2 


do.^TzS 
dN  °300A 


AFTER  CYCLING 


BEFORE  END  CYCLE  o -|5y  BIAS  RT 
AFTER  END  CYCLE  a -I5»  BIAS  RT 

a 77  K MEASUREMENT 


K)  10* 

DECAY  TIME,  SECONDS 


Figure  34.  Platinum  Retention  Before  and  After 
Endurance  Cycling 
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SECTION  VIII 

FAST  SURFACE  STATE  GENERATION 

It  was  found  In  the  course  of  this  study  that  fast  surface  states  could 
be  generated  in  Interface  doped  devices  by  two  methods:  Prolonged  application 
of  high  positive  voltages,  and  write/erase  cycling.  These  are  now  described. 
SURFACE  STATE  GENERATION  UNDER  PROLONGED  BIAS 

Up  to  a voltage  on  the  gate  of  about  20  V,  fast  surface  state  generation 
Is  generally  negligible,  except  If  the  bias  Is  applied  for  very  long  times 
( > 1000  sec).  This  Is  Illustrated  In  Fig.  35,  where  the  threshold  voltage 
Is  plotted  as  a function  of  time  with  the  applied  biases  shown.  The  measure- 
ment of  was  carried  out  at  room  temperature  and  liquid  nitrogen  temper- 
ature, but  the  bias  was  applied  only  at  room  temperature.  It  can  be  seen 
that  at  least  to  1000  sec,  the  room  temperature  and  liquid  nitrogen  threshold 
roughly  coincide  for  each  bias,  except  for  +19V,  where  they  begin  to  diverge 

from  100  sec  on.  Indicating  an  Increasing  rate  of  surface  state  generation  at 

3 

that  bias.  We  use  here  the  method  of  Brown  and  Gray  , which  relates  the 
density  of  fast  states  to  the  flat  band  voltage  shift  between  room  and  liquid 
nitrogen  temperature. 

Devices  on  the  same  wafer  were  subjected  to  even  higher  bias,  as  shown 

In  Fig.  36.  Here  a definite  divergence  of  the  liquid  nitrogen  and  room 

temperature  threshold  voltages  can  be  observed  after  about  30  sec,  for 

positive  voltages  above  +20V,  Indicating  the  generation  of  a very  large 

13  -2 

number  of  fast  surface  states,  rising  to  about  10  cm  at  1000  sec.  Note 
that  no  surface  states  are  generated  at  -20V. 

Figure  37  shows  fast  surface  states  generated  at  +25  in  tungsten  doped 
varactors. 

^P.V.  Gray  and  D.M.  Brown,  Applied  Physics  Letters.  Vol.  7,  108  (1965). 
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Nss  GENERATION  AT  HIGH  BIAS  FOR  VOLTAGES  BELOW  20v 


Figure  35.  N Generation  at  High  Bias  for 

B S 

Voltages  Below  20V 
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THRESHOLD  VOLTAGE,  VOLTS 


Nss  GENERATION  AT  HIGH  BIAS  FOR  VOLTAGES  ABOVE  20v 
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Figure  36.  N Generation  at  High  Bias  for 
8 8 


Voltages  Above  20V 


SURFACE  STATE  GENERATION  DUE  TO  WRITE/ERASE  CYCLING 


In  writc/«rat«  cycling  above  1000  cycles,  severe  distortion  of  the  C-V 
curve  Is  observed.  Indicating  a large  number  of  surface  states.  The  surface 
state  density  of  a chromium  doped  device  Is  shown  In  Fig.  38  as  a function 
of  vrlte/erase  cycling.  It  can  be  seen  that  the  surface  state  density  In- 
creases sharply  after  1000  cycles.  Increasing  from  3 *10^^ for  the  original 

12 

device  before  cycling  to  11.2*10  after  5000  cycles,  and  It  Increases  at 
the  same  rate  for  both  memory  states. 

In  Fig.  39,  the  two  memory  states  are  plotted  after  they  were  measured 
at  room  temperature  and  liquid  nitrogen  temperature,  as  a function  of  the 
write/erase  dose.  It  Is  observed  that  while  the  center  voltage  as  measured 
at  room  temperature  decreases  with  write/erase  cycling,  the  center  voltage 
as  measured  at  liquid  nitrogen  temperature  increases.  However,  the  memory 
window  is  identical  for  the  two  temperatures  up  to  at  least  100  cycles.  The 
number  of  write/erase  cycles  required  for  significant  deviation  of  the  center 
voltage  and  significant  window  closure  coincides  with  the  number  of  cycles 
at  which  the  surface  state  density  begins  to  Increase  sharply. 

In  Fig.  39,  it  can  be  seen  that  the  behavior  of  the  -V^  memory  state  is 
quite  different  from  that  of  the  state.  At  room  temperature  the  -V^ 
state  remains  about  constant  at  -IV  as  write/erase  cycling  proceeds  to  1(^^ 
cycles.  However,  the  same  state  remeasured  at  77*’k,  shows  increasingly  more 
positive  values  beyond  100  cycles.  The  corresponding  band  diagram  showing 
the  Introduction  of  surface  states  In  the  band  gap  Is  shown  to  the  left  In 
Fig.  40. 

The  behavior  Is  Just  reversed  for  the  4-V^  memory  state  In  Fig.  39. 

Here  the  room  temperature  value  drops  sharply  with  cycling  beyond  100  cycles, 
o 

while  the  77K  value  remains  about  constant  at  +77.  This  situation  requires 
a more  complicated  explanation  than  the  -V^  behavior.  An  attempt  Is  made  In 


83 


SURFACE  STATE  FORMATION  DURING  «f/E  CYCLING 


VOLTAGE,  VOLTS 


I 


the  right  half  of  Fig.  AO.  Here  the  surface  states  introduced  in  the  band 
gap  are  accompanied  by  another  set  of  positively  charge  states,  which  is 
perhaps  similar  in  nature  to  "instability  charge"  postulated  by  others^. 
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SECTION  IX 


ENDURANCE 

Excessive  write/erase  cycling  can  cause  window  closure,  changes  in  the 
center  voltage,  and  an  Increase  in  the  surface  state  density.  Either  of  these 
alone,  or  together,  can  cause  the  device  to  fall.  Endurance  Is  the  number 
of  write/erase  cycles  which  a device  can  withstand  before  It  falls.  We  define 
endurance  here  as  either  the  number  of  cycles  needed  to  make  one  of  the  threshold 
voltages  associated  with  the  two  memory  states  equal  to  the  center  voltage  of 
the  original  device  before  extensive  cycling,  or  the  number  of  cycles  at  which 
the  threshold  window  has  narrowed  to  IV,  whichever  occurs  first.  This  is 
Illustrated  in  Fig.  41,  which  shows  the  two  threshold  voltages  with  write/erase 
cycling  for  devices  doped  with  Platinum  for  two  oxide  thicknesses.  It  can  be 
seen  that,  although  total  window  closure  may  not  occur  even  at  10^  cycles,  the 
endurance  Is  generally  limited  to  values  smaller  than  this  by  the  excursions  of 
the  center  voltage. 

DEPENDENCE  OF  ENDURANCE  ON  WINDOW  BEING  CYCLED 

The  endurance  of  a device  which  was  cycled  at  relatively  low  write  voltages 
or  short  write  times,  thus  giving  small  windows,  was  generally  not  much  greater 
than  the  endurance  for  a similar  device  cycled  at  high  write  voltages  and  times 
to  give  large  windows.  This  Is  Illustrated  In  Fig.  42,  In  which  the  window 
decay  of  two  similar  devices  is  shown  for  two  different  original  windows.  The 
smaller  window  was  cycled  at  + 30.5V,  1 ms,  and  the  larger  one  at  + 35V,  1 ms. 

The  endurance  In  both  cases  Is  seen  to  be  of  the  order  of  1000  cycles,  although 
complete  window  closure  occurs  well  beyond  that. 
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ENDURANCE  OF  Pt  DOPED  VARACTORS 
MEMORY  THRESHOLD  VOLTAGES  vs.  NUMBER  OF  WRITE/ERASE  CYCLES 
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Figure  41.  Endurance  of  Plafinum  Doped  Varactors 
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[ Figure  42.  Endurance  of  Cr  Doped  Varactors  for  Different 

Cycled  Windows 


If  a device  which  hes  been  previously  cycled  to  its  endurance  limit  using 
a low  write  voltage  and  a small  window,  is  now  cycled  again  but  with  a higher 
voltage,  the  previous  endurance  cycling  affects  the  new  endurance  proportionally. 
Thus,  if  at  first  a IV  window  is  cycled,  and  then  a lOV  window,  the  second 
endurance  test  is  hardly  affected  by  the  first.  Conversely,  if  a device  is 
cycled  with  small  write  voltage,  but  is  then  rewritten  once  with  a high  write 
voltage,  the  endurance  appears  to  be  much  greater  for  the  smaller  windows  being 
cycled.  This  is  Illustrated  in  Fig.  43  in  which  4 similar  (neighboring)  devices 
were  cycled  using  a 3.5V  window  (+  30V,  1 ms),  5.75  V window  (+  30V,  10  ms),  8V 
(+35V,  1 ms),  and  8.25V  (+35V,  10  ms),  respectively.  The  points  in  Fig.  43 
were  obtained  by  cycling  to  a given  number  of  cycles  using  the  write  voltages 
and  times  Indicated,  but  then  rewriting  at  the  end  of  this  with  a + 35V,  10  ms 
write  pulse.  The  less  rapid  decay  of  the  window  at  lower  write  voltages  Indi- 
cates a smaller  wear-out  effect. 

DEPENDENCE  OF  ENDURANCE  ON  OXIDE  THICKNESS 

The  dependence  of  tie  endurance  on  the  oxide  thickness  Is  quite  small,  and 
the  measured  endurances  of  devices  at  the  same  dopant  concentration  are  all  the 

same  within  about  one  half  decade.  This  Is  illustrated  in  Fig.  44,  in  which  the 

15  -2 

two  memory  states  of  varactors  doped  with  chromium  at  C^^  ~ 1.83*10  cm  are 
plotted  as  a function  of  write/erase  cycling  for  six  oxide  thicknesses  (nitride 
thickness  > 452  A).  It  Is  seen  that  the  endurance,  using  the  above  definition, 
is  from  1000  to  about  10,000  cycles,  although  complete  window  closure  occurs 
only  at  about  10^  cycles.  No  clear  thickness  dependence  Is  evident,  except 
that  the  thinnest  oxides  generally  display  a slightly  higher  endurance. 
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Figure  43.  E 
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ENDURANCE  OF  CHROMIUM  DOPED  VARACTORS 
FOR  VARIOUS  OXIDE  THICKNESSES 
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Figure  44.  Endurance  of  Cr  Doped  Varactors  for  Various 
Oxide  Thicknesses 


DEPENDENCE  OF  ENDURANCE  ON  DOPANT  CONCENTRATION 


The  dependence  on  dopant  concentration  la  somewhat  more  complicated, 
although  even  here  the  dependence  is  not  strong.  This  dependency  is  illus- 
trated in  Fig.  45  for  chromium  doped  varactors  which  have  an  oxide  thickness 
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of  113A,  and  a dopant  concentration  range  from  1.8  to  7.7*10  cm  . The 

endurance  levels  are  the  same  within  about  1 order  of  magnitude.  However,  it 

15  -2 

can  be  seen  that  there  is  an  optimum  concentration  at  3.3*10  cm  at  which 
the  endurance  appears  to  be  a maximum.  This  maximum  is  accentuated  by  plotting 
the  center  voltage  as  a function  of  dopant  concentration  after  an  increasing 
number  of  wrlte/erasc  cycles  in  Fig.  46.  It  should  be  noted  that  at  this 
concentration  very  favorable  write  characteristics  and  retention  are  also 
observed. 

TEMPERATURE  DEPENDENCE  OF  ENDURANCE  CYCLING 

In  conventional  MNOS  devices,  the  endurance  is  smaller  if  the  device  is 
write/erase  cycled  at  higher  temperatures^.  In  contrast,  it  was  found  that  the 
endurance  of  interface  doped  MNOS  devices  is  not  strongly  temperature  dependent. 
This  is  illustrated  in  Fig.  47,  where  the  two  memory  states  are  plotted  as  a 
function  of  write/erase  cycling  for  various  temperatures  between  room  temper- 

Q 

ature  and  200  C.  While  the  threshold  voltage  decay  with  cycling  is  not  Identical 
for  each  temperature,  it  can  be  seen  that  there  is  no  clear  temperature  dependence 
of  the  endurance  in  the  range  of  these  experismnts. 

ENDURANCE  OF  DEVICES  DOPED  BY  SPUTTERING 

Fig.  48  Illustrates  the  endurance  of  a chromium  doped  device  where  the 
dopant  was  deposited  by  sputtering.  It  is  apparent  that  the  behavior  closely 
parallels  that  of  evaporation-doped  devices. 

^C.A.  Neugebauer  and  J.F.  Burgeas,  Journal  of  Applied  Physics.  Vol.  47,  1976, 
p.  3182. 
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COMPARISON  OF  ENDURANCE  FOR  VARIOUS  DOPANTS 

Table  9 shows  the  endurance  for  varactors  and  transistors  for  the  six 

most  promising  dopants,  at  various  oxide  thicknesses,  dopant  concentrations, 

and  windows  cycled.  It  can  be  seen  that  the  endurance  values  are  not  greatly 

3 5 

different  from  each  other,  and  vary  from  10  to  10  . This  is  quite  adequate 
for  an  EAROM  application. 
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TABLE  9 

Typical  Endurance  Pareuneters 
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SECTION  X 


CONCLUSIONS 

An  Inportant  figure  of  merit  established  for  MNOS  performance  Is  Che 

retention  x endurance  product,  with  dimensions  of  sec  x cycles.  It  was  found 

for  conventional  MNOS  devices  Chat  the  retention  x endurance  product  Is  of  the 
16 

order  of  10  . If  this  criterion  Is  applied  to  the  Interface  doped  devices 

fabricated  In  this  program,  It  Is  found  that  this  product  Is  frequently  exceeded 
by  many  orders  of  magnitude.  This  Is  shown  In  Table  10  for  the  six  most 
promising  dopants,  which  are  Cr,  PC,  W,  Ir,  Ni,  and  Pd.  It  should  be  noted, 
however,  Chat  this  high  retention  x endurance  product  Is  entirely  due  to  the 
long  retention  of  these  devices,  rather  chan  their  endurance,  which  was  of  the 
order  of  1000  cycles  for  all  devices,  as  discussed  above. 

The  surprising  feature  displayed  by  Interface  doped  MNOS  devices  is  that 
they  can  show  a very  high  write  speed  and  long  retention  at  the  same  time. 

These  "optimum"  devices  are  listed  in  Table  11,  which  gives  the  write  speed 
(30  V Intersection)  as  well  as  the  retention  obtained.  It  should  be  noted 
that  write  speeds  well  below  1 |j,s  can  be  obtained.  This  speed  can  be  traded 
for  a smaller  write  voltage  applied  for  a longer  period. 

The  principal  conclusions  are  as  follows; 

(1)  The  six  most  promising  dopants  are;  Pt,  W,  Cr,  Nl,  Pd,  Ir. 

(2)  The  stored  charge  Is  principally  negative.  A one-transistor  cell 
Is,  therefore,  compatible  with  n-channel  circuitry. 

(3)  Interface  doped  MNOS  devices  differ  from  undoped  ones  principally 
In  their  ability  to  eject  stored  negative  charge. 

(4)  Thinner  oxide,  thinner  nitride,  and  high  dopant  concentration  give 
a faster  device.  Write  times  es  short  as  2 nsec  are  possible. 


lOS 


I : 


TABLE  10 

ENDURANCE  X RETENTION  PBCDVCI  FOR 
DEVICES  WITH  THE  6 MOST  PR(»1ISING  DOPANTS 


DEVICE  DOPANT  CONC.  d„  ExR 

IS  2 o®*  o” 

X 10  cm"  a a cycie-sec 


Cr-1 

2.95 

134 

452 

3.29 

X 

10^2 

II 

53 

II 

1.05 

X 

10^2 

8.6 

53 

II 

4.8 

X 

10^ 

II 

134 

II 

8.55 

X 

10^® 

Cr-2 

0.77 

61 

372 

2.4 

X 

10 

II 

134 

II 

5.12 

X 

10^^ 

Cr- 14-0 

5.2 

43 

263 

7.7 

X 

10^^ 

Cr-15-o 

1.1 

57 

263 

8.0 

X 

1023 

Cr-4 

0.81 

85 

372 

8.0 

X 

lo^o 

3.9 

II 

II 

5.4 

X 

10^^ 

3.9 

II 

II 

1.53 

X 

10^^ 

Pt-11 

1.12 

85 

372 

7.8 

X 

10^5 

0.27 

II 

II 

1.2 

X 

lO^"^ 

Pt-16 

0.12 

58 

320 

1.15 

X 

10^5 

W-39 

0.55 

63 

450 

8.0 

X 

10^2 

W-44-i 

1.08 

68 

439 

3.3 

X 

10^® 

W-45-i 

2.8 

68 

II 

4.4 

X 

10^^ 

W-47 

1.79 

84 

280 

5.06 

X 

10^® 

W-48 

1.94 

58 

320 

6.55 

X 

10^® 

Ir-2 

0.08 

53 

468 

2.2 

X 

10^2 

II 

80 

II 

2.0 

X 

10^3 

Ir-1 

1.09 

80 

If 

4.2 

X 

10^^ 

Ir-7 

0.15 

58 

320 

2.16 

X 

10^^ 

Nl-4 

1.22 

53 

468 

1.26 

X 

10^® 

II 

85 

II 

3.4 

X 

10^-* 

0.27 

85 

•1 

1 

X 

10^^ 

Pd-3 

0.86 

85 

372 

1.6 

X 

10^5 

1.58 

85 

II 

7.7 

X 

10^* 

106 


TABLE 
OPTIMUM  1 


Dopant 

Cone. 

-2 

X 10  CD 

d 

ox 

“n 

Window 

Cr-15 

1.1 

57A 

263A 

6.4V 

Cr-15 

5.4 

50 

263 

5.4 

Pt-11 

0.27 

85 

372 

5.4 

Pt-11 

0.27 

85 

372 

9.2 

Pt-16 

0.12 

58 

320 

4.4 

W-48 

1.94 

58 

320 

7.7 

W-47 

1.8 

84 

280 

9.5 

Pd-3 

1.58 

85 

372 

4.3 

Nt-lO 

0,66 

58 

320 

6.1 

Cr-4 

1.59 

85 

372 

6.4 

107 


Pi 


ICES 


1 


Write  Speed 

T 

r 

sec 

sec 

0.4  M,8 

8.0x10^° 

4.0x10^® 

0.35 

1.0x10^ 

4.6x10^® 

2.5 

13 

1.7x10 

19 

6.0x10 

0.25 

2.2x10^^ 

21 

1.3x10  ^ 

0.15 

3.0x10^ 

12 

2,4x10^^ 

0.002 

4.8x10® 

13 

7.8x10*^^ 

0.6 

1.7x10^ 

12 

2.2x10 

0.065 

13 

4.0x10 

22 

1.1x10^^ 

0.02 

5.8x10® 

1.2x10^^ 

3.2 

3.5x10^° 

9.0x10^^ 

\ 


I 


i 

I 


i 


1 


applied  for  more  than  several  seconds,  but  not  for  gate  voltages 
< -20V. 

(6)  Interface  doped  MNOS  devices  have  much  higher  retention  than  undoped 

MNOS  devices  of  equivalent  write  speed.  I 

I 

I 

(7)  Even  the  retention  of  fast  write  (<  1 ^s)  devices  can  be  very  long  | 

(10^  to  10^^  s). 

(8)  Thick  oxide,  thick  nitride,  and  a low  dopant  concentration  favor  ' 

higher  retention.  I 

(9)  Retention  Is  controlled  by  back- tunneling  between  77**K  and  300°C.  { 

1 

(10)  Urlte/erase  cycling  does  not  affect  retention.  | 

(11)  The  effective  endurance  of  Interface  doped  MNOS  devices  Is  10*^  | 

write/erase  cycles.  I 

(12)  Write/erase  cycling  beyond  10  cycles  Is  accompanied  by  the  rapid  [' 

formation  of  surface  states.  | 

i 

(13)  We  cannot  trade  retention  for  endurance.  | 

i • 


h 
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